Emission rates of gases and compounds that cause odour (odorants) and their cumulative odour as perceived by a sensory panel were determined over a 112 d storage period for pig slurry. Emission rates of H S, volatile fatty acids, phenols and CO decreased over the storage period, while those of CH and NH increased. No correlation was found between the olfactory response and any individual odour component although there was correlation between individual odorants. Averaged emission rates were used to predict the annual production of gases and odorants based on the most recent UK ammonia emission inventory of emissions from pig production. Annual emissions from storage facilities were determined for individual odorants consisting of volatile fatty acids, phenols and indoles. They were generally less than 1 kt/yr apart from acetic acid which was estimated to be 1)1 kt. Methane and CO emission rates were 16)6 and 486 kt per annum, respectively. Sulphide emissions were higher than expected at 393 kt per annum; possible reasons for this are discussed.
Introduction
Increasingly, concern is being expressed over atmospheric pollution due to emissions from a wide range of sources. Livestock production has been identified as a major contributor to ammonia emissions which are considered to be of major environmental concern as deposition can damage fragile ecosystems.
1 Recently, inventories of greenhouse gases and volatile organic compounds from anthropogenic sources have been produced.
2, 3 The origin of odours from livestock wastes has been reviewed 4 but there are no inventories of organic odorous compounds from livestock, either from housing, storage facilities or landspreading. Collectively, emissions of odorous compounds have been measured in odour units (OU) within an airflow and from a unit surface area from which the odours are emitted. The rate of emission from a surface becomes OU m/s as defined by Smith and Watts 5 and this convention will be used throughout this publication. Smith and Watts 5 report emissions, from cattle feedlots of 10-13 OU m/s. Landspreading of pig slurry has given rates of 504 OU m/s of pig slurry applied in the first hour.
6 Misselbrook et al. 7 have shown a relationship between odour concentration and odour intensity for odours from broiler and pig slurry, with broiler waste odours being more easily abated by dilution than those from pig waste. Studies of odorants are important as some are known to have ill effects on crops and the health of staff. Sulphurous odorants may present a health hazard.
8 Phenols and indoles are known to inhibit plant growth 9 and cause respiratory stress to livestock, 10 so a reduction in emission of these odourous compounds from livestock wastes would have beneficial consequences. Although it is first necessary to quantify changes in emissions, difficulties exist in estimating emissions from storage of livestock wastes because of the evolutionary nature of the decay processes that change the composition of the wastes.
11
Within the spectrum of wastes produced by livestock, pig slurry has a particularly high potential for polluting, in terms of biological oxygen demand (BOD) and nitrogen and phosphorous content. Phosphorous is almost exclusively bound to water as water soluble salts, whereas nitrogen containing compounds pollute water courses, as ammonia or nitrate salts, or the air, chiefly as NH , oxides of nitrogen and odours. Odours produced from wastes have been shown to be a reflection not only of the concentration, but also of the form in which nitrogen was presented to the animal as feed, in terms of amount and type of protein.
12 The source of odours has been discussed in publications by Spoelstra. Fig. 1 . Schematic representation of the emission chamber used to determine emission rates of volatile components of pig slurry compounds in concentration and emission rate from pig slurry over a period of anaerobic storage; to determine any relationship between odour concentration, or sensory measurement of emission rate and that of any individual odorous compound or odorant; and to estimate the annual mass of odours and gases emitted from pig waste storage facilities.
Materials and methods

2.1.¸ivestock and slurry
Pigs (30-95 kg) of commercial stock were obtained from a national breeding company. The animals were housed in one-third partially slatted floor pens. They were fed a commercial diet ''Growlean Sl meal'' (BOCM Pauls Ltd, Lords Meadow Mill, Crediton, Devon) formulated to contain 3)5, 18)5, 3)0, 5)5, 13)8 and 1)1% as oil, protein, fibre, ash, moisture and lysine, respectively. The diet also contained 100 mg/kg copper sulphate and 20 mg/kg tylosin phosphate as growth promoters. The amount of feed offered to the pigs was 0)95 of the calculated ad libitum feed.
Fresh pig slurry was collected from beneath the slatted floor of a commercial pig unit system three days after being emptied. The slurry was stored at 15°C in airtight 200 l steel trays.
Emissions chamber
The odour and emissions chamber 15 was designed so that up to 200 l of liquid could be exposed to an enclosed atmosphere under controlled environmental conditions. Samples were exposed for up to 4 h. Briefly, it consisted of an enclosed system of stainless steel ducting (0)5 m;0)5 m internal section) whose ends were connected into a Tedlar bag (manufactured at Silsoe Research Institute, Silsoe, Bedfordshire, UK, from Tedlar supplied by Allied Signal Laminate Systems, 16C Etherow Industrial Estate, Woolley Bridge Road, Hollingworth, Hyde, Cheshire, UK) as shown in Fig. 1 . The air in the system was pressurized by the bag being wrapped around a roller, which moved down supporting rails under gravity. This prevented dilution of the odours in the emission chamber by air entering through leakages in the system. During a 3 h period, the volume in the odours emission chamber typically reduced from 40 to 15 m. Air was circulated at 1)0 m s\ at 20°C and the slurry was stirred at a constant rate at 15°C; this temperature differential was used to minimize condensation onto the internal chamber surfaces. The odours emission chamber was cleaned after use by flushing at 1 m s\ with ambient air containing ozone produced at 250 mg h\ for 2 h and then with ambient air overnight.
Sampling
There were two replicates of anaerobically stored slurry used at 1, 8, 36, 71 and 112 d to determine the emission rates of CO , CH , H S, NH , volatile fatty acids, phenols, indoles and odour. Slurry samples of 500 ml were taken through a port in the tray after mixing for 5 min immediately before and after quantifying emission rates. Samples were analysed for pH, NH> -N, NO\ -N, total N, solids content and odorants were identified and quantified using gas chromatographymass spectrometry (GC-MS).
Headspace samples were collected using the lung principle to draw air into 10 l Teflon FEP odour sampling bags (Adtech Polymer Engineering, Gloucestershire, UK). This was performed at seven pre-set times during the experiment through a port in the odours emission chamber, to quantify concentrations of CO , CH , odorous compounds and odour, measured as odour concentration. Ammonia was concentrated at the pre-set times from the headspace by drawing the sample through adsorption flasks containing a 0)02 M solution of O-phosphoric acid at 4 l min\ for 5 min.
Analysis of odorants
Odorants from the headspace sample were preconcentrated by adsorption onto silica (Orbo 52, Supelco Inc. Supelco Park, Bellefonte, PA, 16823-0048 USA) and carbon (Orbo 32) based adsorbents. The concentrated odorants were then thermally desorbed from the adsorbents into the GC-MS system for identification and quantification.
Slurry samples were stored at 3°C and analysed within three days to minimize change in concentration caused by microbiological processes. Samples of 6 ml were centrifuged at 5000 g for 30 min. The concentration of odorants in the slurry was determined by the direct injection of 2)0 l of supernatant liquid from the centrifuged slurry sample into the GC-MS system after the addition of 2-methyl phenol as an internal standard. An accurate standard of each odorant in a mixture was prepared in distilled water and used for calibration (again stored at 3°C). Analysis was performed as previously described.
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A Hewlett Packard (hp) 5890 II Series gas chromatograph and a 5972A mass selective detector (MSD II) were used to analyse the samples using hp-1 columns of 1)00 m film for the sulphide component from the headspace samples and a column with a lower film thickness of 0)34 m was used to analyse odorants in the headspace and also the slurries. Non-odorous methane and carbon dioxide concentrations were determined by GC-flame ionization detection and infrared spectroscopy, respectively.
Olfactometry
The olfactometric response of samples was conducted using dynamic dilution olfactometers (Project Research Amsterdam bv) to give odour panel responses measured as odour concentration in odour units (OU) m\. Equipment and standards used conformed to the current recommendations.
17 Each olfactometer had two sniffing ports and was of the forced choice type, with odourless air being presented to the panellist through one port and diluted odorous air through the other. For each presentation, each panellist was required to indicate via a keyboard which port contained the odorous sample. A range of at least five dilution steps, each differing from the next by a factor of two was presented to the panellists in steps of ascending concentration, the whole range being presented twice. The 50% detection threshold was calculated according to Dravnieks and Prokop. 18 
Calculation of the emission rates
Emission rate curves were determined from the concentration measurements of each of the compounds, taking into account the sum of the mass of the compound in the headspace and the mass which leaked out of the odour emission chamber at a given time. Leakage was determined by calibrating the motion of the roller with the changing headspace volume. From these curves, the emission rate at zero time was determined by extrapolation. This was done for three reasons: first, according to Henry's law, at zero time, emission would not be suppressed by headspace concentration; second, physical and chemical interactions within the headspace will be minimal; third, the infusion of oxygen from the headspace into the slurry, that would interfere with the anaerobic microbial activity of such groups as the methanogenes, would be reduced. This effect would be more pronounced on small slurry volumes used in an experiment, which would not reflect any effect due to the size of storage facilities.
Results and discussion
Slurry and headspace analysis
Average analytical results for the slurry are presented in Fig. 2 , for dry matter, pH and total N (TN) and all remained constant with values of 36)5 g/kg, 7)85 and 4)17 g/l, respectively. Ammonical-N content was described by a curve that increased linearly from 2)7 to 3)6 g/l (P"0)015), although there was no change in the TN content.
Typical log concentration curves of emissions for an experimental sample are shown in Fig. 3 for the 300 min run time. They generally increased in concentration but become subject to greater variability as the limit of detection was approached for compounds such as 4-ethyl phenol and acetic acid. Acetic acid had a lower emission rate than the phenolic compounds despite being at a higher concentration in the slurry. Methane appeared to produce a surge of emission in the early stages of the period. Figure 4 shows the emission rates declining with the exception of ammonia and methane over the 112 d period. Declining emission rates reflect the decreasing substrate available to the microbial populations, which transform organic compounds into odours and free ammonia. 
Ammonia and nitrogen containing compounds
Ammonia emissions from the slurry samples increased at a linear rate without reaching an equilibrium, indicating a non-equilibrium kinetically controlled emission rate. Over the 112 d storage period, ammonia emissions increased linearly by 39)31 mg/md (r"0)9513, P(0)001) as ammoniacal N from 2)1 to 6)5 g/md. Emission increased at a higher rate than the concentration in the slurry, but the pH increased from 7)73 to 8)0 during the later days and this may explain the disproportionate emission rate increase. The average emission rate of 3)6 g of ammoniacal N/md with stirring compared with the mean value of 4)3 g of N/md obtained by Sommer et al. 19 from a circular slurry store. As a cautionary note, ammonia emissions from stirred slurry have been proven to be less than those from unstirred slurry.
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There was some change in the organic nitrogen content, due to the mineralization of protein (Fig. 2) . However, ammonia can be transformed to protein during the anaerobic degradation of waste, 20 suggesting a possible equilibrium between the concentration of ammonia and microbial cellular protein.
Lehninger 21 identifies an enzymatic gateway used by bacteria, whereby amino acids are transaminated to L-glutamate and then oxidatively de-aminated (a process of extracting NH from the amino-acid) to ammonia and the respective fatty acid or residual structure, where NAD> and NADH are the respective oxidised and reduced forms of nicotinamide adenine di-nucleotide, an important coenzyme that functions as an energy/hydrogen transfer agent. Inhibiting deamination by this gateway offers possibilities of containing organic nitrogen and reducing ammonia. Bacteria also obtain energy via NAD> using the Stickland reaction that deaminates amino acids and requires two amino acids, one that is an electron acceptor and one an electron donor. This reaction is commonly performed by the Clostridium bacteria. 
»olatile fatty acids
Concentrations of VFAs in slurry rapidly declined to less than 5% of their original value after 100 d storage (Fig. 5) , presumably being degraded to CH and CO . This compares favourably with results from Velsen, 23 who determined up to a 90% reduction of VFAs, however, this work was performed using slurry seeded with digested sewage sludge and retained for 40 d.
No significant change in emission rate (as shown in Table 1 ) was observed over the 112 d period for acetic acid, mostly due to analytical difficulties when measuring near to the limit of detection. Other VFAs were only detected during the first 3 sampling periods. Headspace concentration of the VFAs declined after reaching a (Fig. 3) and justified using the slope at time equals zero to calculate the emission rates (Table 1) . Inhibition of VFAs emissions to the headspace was not demonstrated for an open system.
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Formation of the ammonium organic acid salt may have decreased the VFAs concentration in the headspace, however, there was no noticeable decline in the ammonia headspace concentration to confirm this possibility.
Phenols and indoles
The slurry concentration of phenol declined to zero from an initial value of 15 mg/l. However, 4-methyl phenol had the greatest slurry concentration of the phenols present with over 150 mg/l after 8 d. This reduced to below 60 mg/l after 73 d (Fig. 6) . These changing concentration profiles between phenol and 4-methyl phenol suggest different mechanisms or rates of production and decay. Spoelstra 13 identifies phenol and 4-methyl phenol as coming from different sources. For 4-ethyl phenol, indole and 3-methyl indole, slurry concentrations remained constant for 71 d, but all declined at 112 d.
The emission rate of the phenols declined proportionally to the slurry concentration over the storage period and the averages are shown in Table 1 . The greatest rate of over 720 mg/md at 36 d was of 4-methyl phenol. Phenol was emitted at a similar rate to 4-ethyl phenol and was at the same concentration in the slurry. Emission rates of indole and 3-methyl indole were less than 1 mg/md throughout the storage period.
Hydrogen sulphide
Hydrogen sulphide was the major component of the odorous compounds with the emission rate reduced from 100 to about 28 g/md at the end of the 112 d period (P(0)001). The emission rate of H S was negatively correlated with the emission rates of methane (P(0)1) and ammonia (P(0)01) and positively correlated with CO (P(0)01), phenol (P(0)02) 4-methyl phenol (P(0)01) and 4-ethyl phenol (P(0)02). However, there was no correlation with the odour concentration emission rate (P'0)05) which may have been due to the variability of the odour concentration measurements. Correlations between odorants indicate they may be a better means of evaluating the biochemical changes than odour measurement.
Sulphide emissions were significantly higher than those of methane and ammonia. This may be the result of conditions of the experiment, such as stirring or physical movement, which are not likely to be maintained throughout the storage period. These conditions, as have been demonstrated, release sudden quantities of sulphides which may account for some fatalities in livestock production facilities.
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Hydrogen sulphide can be oxidized to sulphate and Hales et al. 26 demonstrated that oxidized sulphide compounds can exist for several months in the atmosphere. Sulphide oxidation rates are important when considering the duration of an odour plume along with the dilution effect and the time period it remains above the odour threshold.
Odour concentration
The odour emission rate peaked at 71 days with 1764 M OU m/d (P(0)001) or 20417 OUm/s, which was predictably larger than that for pig slurry spread on land of 504 OUm/s as determined by Pain et al.
6 Surprisingly, there was no relationship between the odour emission rate and that of H S, the major odorant and neither any relationship between the odour concentration emission rate and the concentration of individual odorants in the slurry.
The presence of undetected odorants that are below the limit of their detection and can have an odour threshold at about 1 g/m may also prevent any relationship between the odorant(s) concentration and the sensory odour concentration from being established. During the experiment, no additional odorants, such as those from the methyl sulphide group, were detected above 1 mg/m. These can alter both the odour concentration as they have low odour thresholds of about 1 g/m and vary the measurement because of their unstable chemical behaviour. In previous unpublished work by the authors, reducing odour concentrations were associated with the production of polymeric methyl sulphides. Methanethiol will polymerize to dimethyl sulphide, dimethyl disulphide and dimethyl trisulphide, all of which have been identified in older odour samples.
Carbon dioxide and methane
Emission of carbon dioxide declined slowly at a linear rate from about 802 to 361 g/m/d (P(0)05), whereas an increasing rate of emission of methane from 6)9 to over 36)6 g/m/d (P(0)01) was observed over the 112 d period. However, there was no significant relationship between the emission rates of the two gases. There was a negative correlation between CO and ammonia (P(0)05) and positive correlations with phenol (P(0)05), 4-methyl phenol (P(0)1) and H S as previously mentioned. Methane correlated positively with the ammonia emission rate (P(0)1) and negatively with the H S emission rate. The production of ammonia and methane are linked for the amino acids leucine, valine and alanine which are oxidatively deaminated 27 and require methane to complete the reaction which takes up hydrogen. Parshina et al. 28 identified repression of methane generation at low temperature in pig slurry due to the competition between lithotrophic methanogenes and a process involving the Stickland reaction which de-aminates amino acids.
Henry's law behaviour
Ideally emission rate behaviour should be according to Henry's law, which states that the emission rate should be proportional to the concentration in the slurry. Errors are likely to occur when concentrations in the headspace are low and difficult to measure accurately. For those with a more measurable headspace concentrations, linear relationships were demonstrated between their emission rates and the slurry concentration, this being true for phenol (P(0)05), 4-methyl phenol (P(0)1) and ammonia (P(0)01). Concentrations of methane, carbon dioxide and hydrogen sulphide in the slurry were not determined due to their low solubility.
Inventory of odorous emissions
Two factors were used to determine an annual inventory of volatile compounds from pig slurry storage as a source, the first being an updated annual emission value for ammonia from the pig industry, estimated by Pain et al., 1 as 3)38 kt/yr which was based on the results of Sommer.
19 The estimation of the odorous compounds emitted were calculated by multiplying the ratio of odorant emission rate to ammonia emission rate from Table 1 by 3)38 kt/yr to produce emissions proportional to those of ammonia. Odorant emissions were mostly less than kilo tonnes per annum for all sources from pig facilities. Reservations are that data from mechanically stirred slurry were used to determine the emission rates and ammonia emission rates are lower from these sources than unstirred slurry. However, continuous additions of slurry and windy conditions may increase emissions during storage and may account for the emission rates for ammonia being similar to those for stored slurry. This may justify the assumption to proportion emission rate determinations to those of ammonia (Table 1) . These emission rate values are obtained from stirred slurry and were determined as a ratio, the only apparent anomaly was the high H S emission rate which has been discussed previously. When the H S emission rate was determined from unstirred pig slurries from the same source, values near to zero were obtained.
Conclusion
Odour and odorant emission rates were determined for anaerobically stored pig slurry over 112 days. The emission rates of CH and NH increased. Despite the inherent difficulties of measuring odorants at the limit of detection, concentration changes have been identified for volatile fatty acids, phenols and indole. No correlation was found between the emission rate of odour expressed as odour concentration and any odorant, but there were significant correlations between individual odorants and gases. The emission rate of ammonia was comparable to that from real storage facilities. Projections of total annual emissions of a range of compounds from pig production facilities, from the UK pig industry are made. Generally, CO , CH , H S and acetic acid were greater than the lesser odorants which were individually below 1 kt/yr. There was considerable variability of the odour concentration, which did not decline as the slurry aged; however, emissions of sulphides, volatile fatty acids, phenols and carbon dioxide decreased.
